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Abstract 10 
Phase change materials (PCM) are able to store thermal energy when becoming liquids and to release it when 11 
freezing. Recently the use of PCM materials for thermal energy storage (TES) at high temperature for 12 
Concentrated Solar Power (CSP) technology has been widely studied. One of the main investigated problems 13 
is the improvement of their low thermal conductivity. This paper looks at the current state of research in the 14 
particular field of thermal conductivity enhancement (TCE) mechanisms of PCM to be used as TES. This 15 
work considers a numerical approach to evaluate the performance of a group of TCE solutions composed by 16 
particular configurations of two of the principal TCE systems found on the literature: finned pipes and 17 
conductive foams. The cases are compared against a single PCM case, used as reference. Three different 18 
grades of graphite foams have been studied, presenting a charge time 100 times lower than the reference case 19 
for the same capacity. For fins two materials are analyzed: carbon steel and aluminum. The charge times of fin 20 
cases are from 3 to 15 times faster, depending on the amount and type of material employed. The internal 21 
mechanisms are analyzed to understand the results and locate possible improvement. 22 
 23 
Keywords: Thermal energy storage (TES), phase change material (PCM), thermal conductivity enhancement 24 
(TCE), high temperature, foam, fined tubes  25 
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1 Introduction 27 
1.1 Thermal energy storage (TES) 28 
Low-carbon economy policies are every year more strict and demanding. By 2050 the low-carbon economy 29 
roadmap presented by the EU intends to reduce emissions to 80% below 1990 levels, which implies 30 
progressive cuts of 25%, 40% and 60% in 2020, 2030 and 2040 respectively [1]. The main actors in this 31 
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reduction are the power and the industrial sectors. As the energy demand is expected to increase in the 32 
incoming years, the pressure to reach a renewable energy driven power system increases as well [2][3][4].  33 
In response to this request the number several Concentrated Solar Power plants (CSP) have been built, like 34 
PS10 and PS20 in Spain or more recently Khi Solar One in South Africa. These commercial plants are based 35 
on Direct Steam Generation (DSG) where the boiler of conventional Rankine cycles is replaced with a solar 36 
receiver. CSP is unique among renewable energy generation sources because it can easily be coupled with 37 
thermal energy storage (TES) making it highly dispatchable [5][6][7][8][9]. Although the mentioned plants 38 
have installed TES based on steam accumulators, currently it is not feasible to manage the large capacities 39 
required for long time operation using this storage technology. As more hours of production and a better 40 
coupling of the demand curve add valuable capabilities to this technology, lots of efforts have been made over 41 
the last decades to achieve an efficient large scale thermal storage for high temperature processes. 42 
Among the options analyzed, latent heat based systems have emerged as great potential storage systems [10] 43 
[11]. This technology relies on the energy contained in a material changing its phase, capable of concentrating 44 
high energy ratios on narrow temperature ranges. Thanks to these effects ultra-compact units can store big 45 
amounts of energy, which can be absorbed or released at an almost constant temperature. The latent-latent 46 
heat transference allows a better matching in the boiler, maximizing the exergy efficiency in the evaporator as 47 
the temperature difference can be maintained constant, with the consequent benefit to the entire power plant.  48 
1.2 Phase Change Material (PCM) selection 49 
The most common studied phase change transformations [12][13][14][15]  have been the solid-liquid and 50 
liquid-gas, although some other transformation are under investigation, such as solid-solid for the 51 
development of structural materials capable of storing energy. However, the latter transformation stores small 52 
energy quantities compared with the formers and its phase transition temperature is not generally suitable for 53 
the industrial application here considered. Liquid-gas transformation has, as a general rule, the highest energy 54 
density, but this attractive property is linked with the important drawback of a high volume variation, that 55 
makes it difficult to store the gas phase in conventional containers. In contrast, solid-liquid transformation has 56 
still a high energy conversion and relatively small volume variation, making it suitable to solve the demanding 57 
storage requirements.  58 
Related to the DSG technology, working steam pressures between 100 and 150 bar have been reported as the 59 
most interesting conditions for the power block operation [16]. For an optimum TES the PCM melting point 60 
has to be close to the boiling temperature of the steam, between 310ºC and 342ºC for the pressures here 61 
considered. It is important to consider that, for the discharge process, the boiling temperature has to be 62 
reduced below the PCM melting point with the correspondent impact on the power block. 63 
The chosen PCM media must present other properties as high energy density and chemical stability. Of 64 
course, reduced cost, high conductivity and safety issues such as low corrosion, non-toxicity and non-65 
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flammability are properties desired for the optimal storage material. None of the materials tested fulfills 66 
completely the list of requirements here exposed. Organic materials are discarded by their low operation 67 
temperature. Within the inorganic materials, pure metals and alloys have great conductivity but in general the 68 
energy density found does not pay off the high costs of the material. In contrast, inorganic salts have shown a 69 
good ratio of energy density and material cost, but they have generally low thermal conductivity, making 70 
difficult to design a proper heat transference system  71 
NaNO3 presents a suitable melting temperature, reduced cost and great thermal stability with the extra that it is 72 
a very well-known and studied salt as heat transfer fluid for the CSP molten salt tower technology. With the 73 
aid of the correct TCE system the material could offer a feasible solution for CSP Industry. For these reasons 74 
it will be the storage media employed for this analysis. 75 
1.3 Thermal conductivity enhancement systems 76 
As already seen, further developments are required to successfully implementing the PCM on a commercial 77 
storage units. Within the group of inorganic salts the main research efforts have been focused in the 78 
development of thermal conductivity enhancement systems (TCE).  79 
One first option to reach this goal is to increase the transfer area between both mediums (storage and heat 80 
transfer fluid medium). This possibility has been specifically and deeply analyzed for the design of PCM 81 
cascade [17], where the storage unit is composed by different encapsulated PCM materials stages with 82 
sequentially increasing melting points. The encapsulation of the PCM can achieve this purpose, allowing a 83 
direct contact with the process fluid. However during the process some energy density is lost due to the shell 84 
thickness and the requirement of an interior empty space for the volume expansion management. Shell 85 
material must be carefully selected [18] to handle the operation conditions, either from the chemical 86 
degradation, mechanical stresses and high pressures and temperatures.  87 
A second option is to extend the surface area using fins attached to the process pipe. This solution is 88 
commonly employed in the industry as a mechanism for improving the heat transference on heat exchangers; 89 
the transient nature of the PCM exchange implies additional challenges to achieve an optimal design. The 90 
shape and position of the fin is crucial to achieve good heat transference. Most of the studies are focused on 91 
simple geometries, being longitudinal straight fins [19][10][21] and circular fins [22] the most studied 92 
geometries. Some studies had shown a better performance from longitudinal fins [23] rather than circular. In 93 
the work proposed by Doerte et al. [24] a complex longitudinal fin pattern is suggested for increasing the heat 94 
transfer ratio.  95 
A third option to increase the heat transference is to mix the PCM with a high conductivity carrier material. 96 
Due to its high thermal conductivity, graphite foams with high porosity have been employed to improve the 97 
heat transference of PCM [25] [26]. This composite material has to be infiltrated with the PCM to ensure a 98 
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proper distribution in the foam structure. The infiltration must maximize the amount of filled PCM, ensuring 99 
the evacuation of the contained gas.  100 
An alternative proposed methodology was the use particles of expanded natural graphite (ENG) mixed with 101 
the PCM to improve the system conductivity [27]. This solution pretends to mix the ENG particles with the 102 
PCM in liquid or solid state, ensuring the resultant composite is compact enough to maintain the properties, 103 
avoiding PCM leakage in the container element.   104 
Besides the extensive amount of literature material published on different TCE systems for PCM, consistent 105 
comparative between these systems are scarce on the literature. The work developed in this paper is intended 106 
to partially cover this lack of comprehensive analysis, providing a general comparative between two of the 107 
most popular TCE, longitudinal fins and graphite foams, and their improvement over a single PCM system. 108 
1.4 Objectives and scope 109 
The aim of this work is to find the optimal TCE system for a given TES configuration. The scope of the 110 
analysis is not only to find which system shown the better performance but to find which specific 111 
configuration works better within the cases analyzed. The study will be focused in two TCE systems, 112 
longitudinal fins and graphite foams, over a PCM storage unit composed by NaNO3. The cases considered 113 
different amount of TCE material as well as different quality grades to evaluate the impact of these 114 
parameters. The charging time will be employed as the main predictor of the performance of the embodiment, 115 
using a non-improved PCM reference case as a baseline. Internal temperature distribution and thermal flow 116 
will be presented and discussed in order to better understand the improvement observed on the charging time 117 
and locating possible points to further optimization.   118 
This work is structured in five parts: First, the methodology of the study is exposed and the relevant cases 119 
defined, detailing the sizing approach to ensure the comparability of the results obtained. Next, the model is 120 
described including details of the internal equations and boundaries condition considered. The result of the 121 
appliance of this model to the cases previously defined is exposed and discussed in the Result section. All the 122 
results here presented are focused on the thermal performance of the embodiments, but some additional 123 
consideration must be taken into account when choosing the appropriate TCE system for any specific 124 
application. In the Discussion section some of these factors are introduced and general rule recommendations 125 
are given. Finally, the conclusions obtained from the analysis of the results here obtained are exposed, 126 
highlighting the strengths of the systems and the points to address to improve the technology feasibility.  127 
  128 
  129 
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Nomenclature 
 
 
݇ 
ܶ 
݄ 
݄௥௘௙ 
ܿ௣ 
ߚ 
ܮ 
௦ܶ௢௟௜ௗ௨௦ 
௟ܶ௜௤௨௜ௗ௨௦
 
 
Material	thermal	conductivity 
Temperatrure 
Sensible	energy	stored	per	unit	mass
Reference	energy	level	per	unit	mass
Material	specific	heat 
Volume	liquid	fraction	of	the	PCM 
Latent	heat	of	the	PCM 
Solidus	temperature	of	PCM 
Liquidus temperature	of	PCM 
 
ܣ௙௜௡ 
ܣ௉஼ெ 
ܣ௧௢௧ 
f 
ܦ௉஼ெ 
ܦ௣௜௣௘ 
ߝ 
ߩ 
ܪ 
Area	occupied	by	the	fins 
Area	occupied	by	the	PCM 
Total	area	occupied	by	the	system 
Volume	fraction	occupied	by	fins 
Diameter	of	the	PCM	region 
External	diameter	of	the	process	pipe 
Accesible	porosity	of	the	foam 
Material	density 
Material	energy	per	unit	mass 
 
2 Method 130 
2.1 System description 131 
This work considers a numerical approach to evaluate the performance of a group of TCE solutions. The cases 132 
selected are composed by particular configurations of two of the principal TCE systems found on the 133 
literature, finned pipes and conductive foams. These solutions will be applied on a system composed by a 134 
vertical pipe surrounded by the storage material and the TCE considered. The chosen PCM is NaNO3, which 135 
is a popular material on thermal energy storage applications due the compatibility of its melting points with a 136 
wide range of industrial processes, as well as its competitive cost and good storage properties. The internal 137 
pipe selected, inside of which the process fluid flows, has a diameter of 63 mm and 3 mm thickness (see 138 
Figure 1). This diameter is the result of the design of a commercial heat exchanger made by Abengoa 139 
Engineering, used in the feasibility study of a DSG commercial plant. The most important properties of the 140 
materials used are presented in Table 1.  141 
Table 1. Material properties* 142 
  NaNO3 Aluminum Carbon Steel 
Density [kg/m3]: 2100 2719 7800 
Cp [kJ/kg·K]: 1.8 0.87 0.5 
Latent heat [kJ/kg]: 177 - - 
Melting point [ºC] 307 - - 
Thermal conductivity [W/m·K] 0.5 202.5 40 
*Values obtained from Abengoa internal studies  143 
To ensure a fair comparative between all the cases, they have been sized to provide the same thermal capacity 144 
and to operate on the same conditions. This sizing procedure is specific for each kind of TCE system, and will 145 
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will provide information for the proper TCE amount for realistic application having a maximum limit to avoid 169 
excessive penalty on the energy density of the PCM. The minimum limit has been set to the smallest amount 170 
of TCE that is expected to obtain a noticeable improvement on the thermal performance. 171 
With this, the effect of the amount of TCE can be analyzed in two conductivity scenarios, providing useful 172 
information about the effect of this factor on the total heat transference. 173 
For ensuring a comparable thermal capacity on all systems the geometries must be adapted on each case. The 174 
methodology followed for adapting the geometry is focused in find a specific and constant PCM area (ܣ௉஼ெሻ 175 
and keeping the pattern shape of the fins. The parameters used for this adaptation are shown in the Figure 1.  176 
First, the PCM diameter (D୔େ୑ሻ is set to the correspondent to the reference amount of PCM plus the area 177 
occupied by the fins (ܣ௙௜௡௦ሻ on each case, according to equation 2. The area occupied by the fins is obtained 178 
using the fraction of TCE characteristic of the case (݂).  179 
ܣ௙௜௡ ൌ ݂1 ൅ ݂ ܣ௉஼ெ (1) 
ܣ௧௢௧ ൌ ܣ௉஼ெ ൅ ܣ௙௜௡ ൌ ߨ4 ሺܦ௉஼ெ
ଶ െ ܦ௣௜௣௘ଶ ሻ (2) 
Second, the fins are stretched to maintain the separation between the end of each fin and the outer surface (d). 180 
Lastly, fin thickness is modified to match the required fin area. This last step is made numerically, using the 181 
geometry model of the heat exchanger. The thickness of the fins is recursively modified until the required area 182 
is achieved. A limit of 0.1mm of precision in this thickness is considered, as a higher precision have little 183 
sense from a manufacturing point of view. 184 
Notice that in this process both the pipe diameter (D୮୧୮ୣሻ and the pipe thickness are kept constant. 185 
 186 
2.3 Conductive foam 187 
This solution involves a composite material with a complex structure of storage medium regions surrounded 188 
by a conductivity matrix. This matrix can be made of different materials, typically carbon, graphite or metals. 189 
For the present work graphite foams are chosen as the most promising material for this solution, being able to 190 
reach the highest conductivities. 191 
The mean size of the PCM regions on the composite is, in general, too small to be simulated individually on a 192 
macro scale application. The approach followed in this study is to treat the composite as a homogeneous 193 
material with equivalent properties.   194 
The main concern on the homogeneous model is to ensure that both materials behave in a similar manner; this 195 
is, having similar temperature distributions. If the pore size is excessively big or the temperature difference 196 
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too intense these two materials temperature map can be different enough to invalidate the homogeneous 197 
model, and each of this regions should be modeled independently.  198 
The characteristic length of the pore for the foams considered ensures a high transfer area for small regions. 199 
This, joined to the small temperature variation found in the cases analyzed, are points to indicate that small 200 
offset between the phases is to be expected and therefore the model of homogeneous phase is considered 201 
representative to the real conditions. 202 
For a correct characterization it is crucial to know the properties of the composite constituent materials. 203 
Although the chosen PCM material is well known in bibliography, there is lot of foam typologies with 204 
properties that greatly differ from each other. In order to limit the present study to a reasonable extension only 205 
three representative commercial foams have been selected, the properties of these foams are shown in Table 2. 206 
The foams selected are among the highest thermal conductivity foams found on the market, with the 207 
additional advantage of offering detailed information of three quality grades of products. This suits perfectly 208 
with the purpose of this work of making a sensibility analysis of the TCE media performance. 209 
The weighted properties of the composite are given by the amount of PCM and TCE found in a representative 210 
volume of this compose. The PCM fills the available gaps between the matrix, defined by the porosity of the 211 
foam. It must be taken into account that the volume available for the PCM may not be correspondent with the 212 
total porosity of the foam, as some of the pores may be totally enclosed by the matrix. This factor is 213 
considered by the open porosity fraction, which determines the amount of pores that are accessible from the 214 
exterior. Another point to consider is the rate of infiltration obtained on the composite. Despite that in general 215 
it is not possible to fill the whole available space, the infiltration procedures can achieve a very high 216 
infiltration rate [29] [30]. Thus, on the present study it has been considered that the open volume is completely 217 
filled with PCM.  218 
 219 
Table 2. Graphite foam properties [31] 220 
Property KFOAM
® 
Grade L1 
KFOAM® 
Grade L1A 
KFOAM® 
Grade D1 
Bulk density [kg/m3]: 490 390 460 
Total porosity  [%] 70 78 72 
Open porosity [%] 77.5 77.5 77.5 
Accessible Porosity [%] 54.25 60.45 55.8 
 221 
Table 3. Composite effective properties 222 
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Property 
NaNO3 + 
KFOAM® 
Grade L1 
NaNO3 + 
KFOAM® 
Grade L1A 
NaNO3 + 
KFOAM® 
Grade D1 
Density [kg/m3]: 1629 1659 1631 
Effective latent heat of the composite [kJ/kg]: 123.77 135.40 127.10 
Thermal conductivity [W/m2·K]: 57.9 27.9 100 
 223 
The fraction of PCM accommodated inside the matrix, the density and latent heat can be calculated as 224 
weighted combination of the two constituent materials.  225 
The effective thermal conductivity is more complex to determine analytically. In the literature several 226 
approaches to get this value can be found [32] [33]. The first approaches on the calculation of effective 227 
thermal conductivity employ the fraction of each component as the main predictor of the composite behavior. 228 
Further, the shape of the porous and their distribution is added to the models to have more accurate 229 
predictions. Recently, the analysis of these foams using finite element method (FEM) is frequently employed 230 
to model the effective conductivity. This approach has to be limited to analyses small samples because of the 231 
high computational cost associated with these models.   232 
Naturally the degree of information of the foam required increases with the precision of the model to apply. 233 
This makes difficult to apply this approach to commercial foams where generally the amount of information 234 
available is limited to the direct application data. In the case of the graphite foams additional considerations 235 
must be taken into account as the foam’s material itself present a structure dependence on its conductivity. 236 
The arrangement of the layers has an important effect on the thermal conductivity of the graphite.  237 
Because all of this, for the present work, it has been considered more reliable to trust on the supplier data, 238 
obtained experimentally on empty samples using laser flash techniques. Although a variation of the thermal 239 
conductivity on samples infiltrated with salt may be expected, Abengoa internal tests in collaboration with the 240 
laboratory Institut de Mécanique et d’Ingénierie de Bordeaux (I2M) expose that the variation between these 241 
two factors are negligible for the cases here considered. This result is aligned with the conclusion obtained 242 
from other works [26]. 243 
The data employed for the calculation have been obtained from KFOAM® catalogue, according with three 244 
different grades. The resultant properties are shown in Table 3.  It is interesting to notice the important 245 
reduction on the latent heat of the composites due to the important influence of the porosity. This is translated 246 
straightforward to the energy density, penalizing it in a severe way.  247 
10 
 
The dimension of each case is obtained by keeping the amount of PCM and accommodating it on the available 248 
space in the foam. The total area is obtained by dividing the amount of PCM by the fraction of access porosity 249 
(ߝ). 250 
ܣ௧ ൌ
ܣ௣௖௠
ߝ ൌ
ߨ
4 ሺܦ௉஼ெ
ଶ െ ܦ௣௜௣௘ଶ ሻ (3) 
 251 
3 Model 252 
The model to evaluate the melting process has been developed under ANSYS® Fluent 14.5, making use of the 253 
melting and solidification option [34].  254 
Internally Fluent solves the energy equation associated with the material on each cell of the domain. 255 
߲
߲ݐ ሺߩܪሻ 	ൌ ׏ ൉ ሺ݇׏ܶሻ (4) 
The left side of the equation represents the internal energy variation on the cell. The right side of the equation 256 
represents the heat transferred to or by the cell’s neighbors. As it can be observed no convection term appears 257 
on this energy equation. Due to the vertical arrangement of the embodiment, and the uniform characteristics of 258 
the boundary conditions no variation are expected in the axis directions, which allows a 2D modeling of the 259 
problem. This also means that no driving force is acting on the molten PCM and therefore no motion is 260 
expected. 261 
The internal energy H is obtained by integrating the contribution of the c୮ at each temperature, adding in the 262 
case of a PCM material the latent heat associated with the phase transition (L). This latent energy is released 263 
proportionally to the amount of material changing state, which is obtained by the liquid fraction parameter 264 
(βሻ. 265 
ܪ ൌ ൜ ݄																			݂݅ ݉ܽݐ ൌ ݏ݋݈݄݅݀ ൅Δܪ							݂݅ ݉ܽݐ ൌ ܲܥܯ  (5) 
݄ ൌ ݄௥௘௙ ൅ න ܿ௣݀ܶ
்
்ೝ೐೑
 (6) 
Δܪ ൌ ߚܮ (7) 
ߚ ൌ
ۖە
۔
ۖۓ 0																	݂݅ ܶ ൏ ௦ܶ௢௟௜ௗ௨௦	1																݂݅	ܶ ൐ ௟ܶ௜௤௨௜ௗ௨௦
ܶ െ ௦ܶ௢௟௜ௗ௨௦
௟ܶ௜௤௨௜ௗ௨௦ െ ௦ܶ௢௟௜ௗ௨௦ 		݂݅	 ௦ܶ௢௟௜ௗ௨௦ ൏ ܶ ൏ ௟ܶ௜௤௨௜ௗ௨௦
 (8) 
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The liquid fraction of the system is the main factor to follow as an indicator of the state of charge of the 285 
storage. Despite the sensible heat has been considered on the model, as the amount of energy stored in this 286 
form in small compared with the latent heat, the charge process is considered ended when the whole system is 287 
liquid, ignoring the contribution of further overheating.  288 
Aside of the liquid fraction, the temperature has been measured in significant points. This allows following up 289 
the melting front and a better understanding of the heat distribution. The location of these points is shown in 290 
Figure 2, as well as their exact position in mm. For homogeneous cases the temperature points have been 291 
positioned on radial equivalent distances so the results can be comparable. 292 
 293 
4 Results 294 
4.1 Charge time and energy density 295 
From the charge results presented on Table 4, the massive improvement offered by the TCE systems is clear. 296 
Aside from the differences between systems, even the worst case is able to reduce the charge time to a third of 297 
the single PCM case. 298 
Analyzing the differences among the groups it can be seen how, as predicted, the ones with aluminum fins 299 
behave better than carbon steel ones. In both cases, the charge time is reduced over time as long as the amount 300 
of TCE material increases, although not linearly, but shows a saturation tendency with the increment of fin 301 
fraction. Despite the very big charge time reduction on 5% and 10% cases, the improvement with 15% and 302 
20% is limited. This may be explained by the sizing approach followed in this study, indicating that the 303 
branches of the fins are close to carry all the heat available on their surroundings and opening a new branch 304 
may be more profitable than thickening an already existing one. Further analysis should be performed on the 305 
subject of fin pattern optimization but, at sight of the present results, a thickness optimum can be found for a 306 
given fin pattern, providing the most advantages of the added TCE material.  307 
Foams have the best thermal performance of all the systems evaluated, reducing the charging time to less than 308 
an hour. A clear link between the matrix conductivity and charge time can be deduced, but a slight saturation 309 
tendency is observed as well. Quantifying the contribution of the thermal conductivity on this saturation effect 310 
is not straight forward due to the fact of the accessible porosity. Although the value of the latter parameter is 311 
similar on all the cases considerer, the range of variation is sufficient to have a notable impact on critical 312 
factors such as the latent heat of the mixture. Therefore it cannot be deduced that the saturation effect 313 
observed on the time is solely because of the effect of the thermal conductivity and further research is 314 
necessary to quantify the effect of each of those parameters. Unfortunately, the amount of data of commercial 315 
foams is scarce and the determination of the influence of each parameter on theoretical materials is out of the 316 
scope of the present work.  317 
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Concerning the energy density, fins have the lowest impact on the compactness of the solution keeping one of 318 
the main advantages of PCM storage systems. The foams on the other side are the systems which penalize this 319 
factor the most, with a required volume around 80% higher than the reference case. The penalization on 320 
energy density may be reduced with higher open porosity ratios. Current efforts on this technology are 321 
focused on achieve this goal, allowing an increase on the overall system compactness. 322 
The capacity of each case has been included in the Table 4. This capacity has been obtained with the 323 
difference in the internal energy of the system between the initial and the final state. As the model considered 324 
is a 2D section the units of this capacity is expressed in linear terms of kJ/m. The comparison between the 325 
values obtained shown that, although the results are similar, there are differences in the capacity of these 326 
systems. The main cause of these differences is the sensible energy stored, both in PCM superheating and in 327 
the TCE medium. Another point to consider is the specification given in the model to consider the system 328 
fully charged. As the data exposed in Table 4 is referred to the exact instant where the entire PCM medium 329 
reaches liquid state, the temperature profile will be, in general, different on each case, altering the amount of 330 
sensible heat stored.  331 
The comparative among these systems may seem unfair, as there is much more amount of TCE material on 332 
foam cases than it is on the fin ones. As it has been discussed, for a given fin pattern there is an amount of 333 
material which optimizes the TCE material usage. Increasing the material further from this point will lead to 334 
marginal improvements. According to this, analyzing cases with higher fin proportion was discarded, such as 335 
the required for equalizing the TCE material to the foam cases, as the considered design will made a poor use 336 
of the additional material. For such cases, an optimized fin pattern should be employed, specially designed to 337 
maximize the use of the carrier material. Although the detailed design of this specific optimal fin pattern is 338 
beyond of the scope of this work, it is expected that the results here exposed may be useful for further 339 
developments on this line. 340 
 341 
Table 4. Time results and diameters of the cases simulated 342 
    Case PCM 
[%] 
TCE 
[%] 
Charge  
time 
[h] 
Linear 
capacity 
[kJ/m] 
PCM  
Diameter 
[mm] 
Averaged 
Power 
[W/m] 
Single PCM: 100 0 36 7770.9 171.8 60.0 
Steel Fins 5% 95 5 11.80 7925.4 175.8 186.6 
Steel Fins 10% 90 10 6.91 7915.8 180.1 318.2 
Steel Fins 15% 85 15 5.25 7934.6 184.4 419.8 
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Steel Fins 20% 80 20 4.37 7926.8 190.0 503.9 
Aluminum Fins 5% 95 5 3.88 7821.0 175.8 559.9 
Aluminum Fins 10% 90 10 2.29 7669.3 180.1 968.35 
Aluminum Fins 15% 85 15 1.80 7594.6 184.4 1172.0 
Aluminum Fins 20% 80 20 1.58 7457.8 190.0 1311.2 
KFOAM® L1 54.2 30 0.5 7574.3 227.3 4208.0 
KFOAM® L1A 60.4 22 0.92 7747.6 216.1 2339.2 
KFOAM® D1 55.8 28 0.31 7556.8 224.3 6771.4 
 343 
4.2 Temperature distribution 344 
Temperature distribution is a useful indicator of the proper heat exchange in the storage material, as well as 345 
the general behavior of the melting front. In contrast to the liquid fraction, this parameter can be easily 346 
monitored on test facilities using thermocouples embedded on the storage material. This allows collecting 347 
information on experimental facilities to cross-check the models. Despite that the present work has no 348 
experimental part, the interpretation of these results may be useful for further works in which laboratory tests 349 
are involved.  350 
For the single PCM case, the expected curves of temperature increment can be observed in Figure 3. On the 351 
first instants of operation, the temperature of all the measurement thermocouple points increases evenly until 352 
the melting temperature. Once this temperature is reached, the temperature of the points is locked until the 353 
melting front reaches the measured region. The molten zone continues increasing its temperature, presenting a 354 
temperature gradient from the pipe to the melting front. A drastic change on the behavior is observed when the 355 
storage media is totally melted. At this point the temperature increases rapidly in all the model’s temperature 356 
points until thermal equilibrium is achieved at 320ºC. This effect is produced for the release of the constraint 357 
imposed by the last solid layer, which forced the maximum temperature on this point to be equal to the 358 
melting temperature. Once this restriction is surpassed, the temperature profile evolves as expected for a 359 
purely sensible storage material.  360 
The same tendencies are observed on the foams with the major difference of the total melting time. This could 361 
be predicted with the homogeneous hypothesis made on this material, as the transference mechanisms are 362 
exactly the same, changing only the properties of the storage material. The order of the probe “activation” is 363 
equal in pure PCM and foam cases, but it can be observed how the instant in which the probes are activated 364 
differs. On the pure PCM case the activation of the probes is uniformly distributed along the time, finishing 365 
the melting process short before P5 starts overheating. For the foam case, a higher proportion of the time is 366 
367 
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4.3 Thermal flow distribution 402 
One point to consider when using latent based storage systems is the variation of the net heat exchanged along 403 
time (Figure 5). The energy is transmitted earlier to the closest points, giving a better response on the initial 404 
stages that will be fading away as long the energy of farther region is required. This may imply a difficulty on 405 
the control and applicability of this solution on many applications. Related to this point, the effect of the 406 
different TCE considered on the dispatch ability of the heat is presented and discussed here.  407 
On the single PCM case the heat flux drops very rapidly on the first instants, leading to a very low heat 408 
transfer compared to the initial peak. During almost the entire melting process the heat flux is nearly constant, 409 
although very low, due to the strong importance of the thermal resistance of the PCM. Once this resistance has 410 
acquired a high value, its variations have minimal impact on the overall heat transfer, which is really poor 411 
once reached this point, due to the asymptotic behavior of the thermal flux with the resistance. The studied 412 
cases with lowest and highest fin fraction have been included for each of the materials considered. From low 413 
to high enhancement, the steel solution with 5%, with a similar behavior to the single PCM but with less 414 
difference between the heat flux peak and the average behavior and with a slight drop on the very end of the 415 
process, is found. As the performance of the fin increases (rather by increasing the amount of TCE material, 416 
rather by using a more conductive one) the heat flux on the mid-time tends to increase, dropping smoothly on 417 
a linear fashion until the normalized heat is approximately equal to the single PCM case. The results show an 418 
improvement on the heat transfer higher on the regions close to the pipe than on the farther ones, increasing 419 
the heat flow difference among the initial and final instants. This may be interpreted using the temperature and 420 
liquid fraction patterns shown in Figure 4. On the last instants, the remaining solid patches are far from the 421 
efficient transmission region of the fins, leading to a worse heat transfer and, therefore, dropping dramatically 422 
the heat flux. The improvement of the fin performance has little impact on melting these patches, explaining 423 
why the normalized differences increase with the fin performance. Probably this effect can be palliated with 424 
careful modifications on the fin pattern to increase the heat flux on the most disadvantageous points. 425 
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The fin solution had shown a significant improvement over the single PCM case, with a much lower impact 443 
on the energy density. The constituent material, installation and the more compact solution make this medium 444 
desirable from the cost perspective. From the heat distribution point, the results here exposed shown a 445 
possibility of improve the heat distribution with an optimized fin pattern. However, concerning further 446 
optimization, it is important to have in mind the limitation that fin manufacturing process can present. The 447 
complexity required to reach the optimum configuration may be limited for this factor. 448 
Other point to address before selecting a TCE system is the compatibility of the materials involved. For a long 449 
term TES factors such as corrosion have to be taken into consideration. Aside from ensuring the lifespan of 450 
the system, loosing of TCE material or acquiring an additional thermal resistance due to oxidation have 451 
obvious and undesirable impact on the performance of the TCE.  452 
On the foam solution, the infiltration process may become an important cost of the total system, which may, 453 
added to the decrease in energy density, penalize the total competitiveness of the TCE system. Another point 454 
that has to be carefully studied is the contact between foam and the process pipe, trying to ensure the 455 
maximum contact without cracking the foam due to excessive dilatation of the pipe. 456 
6 Conclusions 457 
Different PCM heat transfer systems with and without TCE media have been simulated and their results 458 
presented and discussed. The effect of the TCE on the charge time and the energy distribution has been used 459 
as parameter to comprehend the particularities of each technology. Finally the heat flux of these systems is 460 
analyzed to evaluate the effect of these improvements on the stabilization on the absorption and release of 461 
energy.  462 
Fins have shown to have a significant reduction on the charge time of the system, being more efficient the 463 
aluminum cases than steel ones. This kind of TCE has shown little impact on the compactness of the solution, 464 
keeping the high energy density proper of the latent storage systems. Incrementing the TCE amount is not a 465 
trivial task for this configuration, as for a given pattern the improvement of adding material becomes marginal 466 
rapidly. The pattern employed on this work, although presenting a considerable thermal improvement over the 467 
single PCM case, have shown signals of further improvement, mainly the selective thickening of some 468 
branches of the pattern and possibly geometry variations of the branches. These modifications should be 469 
focused on achieve better heat distribution which may lead to a more uniform heat flux on the system.  470 
Foams have shown the best performance among the analyzed cases, both on charge time reduction and on heat 471 
flux uniformity. The only negative aspect of this solution is the decrement on energy density of the solution, 472 
being necessary a considerable increment on the size of the system. The last aspect may be improved with the 473 
development of foams with higher open porosity, allowing more PCM to fill the gaps on the foam and 474 
therefore achieve a more compact composite material.  475 
20 
 
None of the configurations studied on the scope of this work have shown capabilities to work on a quasi-476 
steady regime with the HTF, having an important reduction of the heat flux with the time. This effect leads to 477 
a more complex control and loss of power on the final instants of operation which are both undesirable 478 
drawbacks. To overcome these points a much higher thermal conductivity in the storage material and/or 479 
composite is required, which seems difficult to achieve at sight of the high specifications of the materials 480 
already considered.  481 
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